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1.   Overview 
 Optical resonators are widely used in various areas of research and the use of 
standard mirror-based resonators is often limited due to their size, stability, and quality 
factor.  Dielectric microresonators using optical whispering-gallery modes (WGMs), on 
the other hand, have quality factors as large as 1010 [1], are extremely stable or can be 
easily stabilized [2], and their typical size does not exceed 1 mm in diameter. 
 A WGM is a mode of propagation guided along a curved, closed, and connected 
boundary.  Such a phenomenon was first investigated at the beginning of the last century 
for sound waves inside the dome of St. Paul’s Cathedral in London [3-5].  A 
mathematical treatment for electromagnetic waves in dielectric spheres was developed by 
Debye [6] followed by Mie with a theoretical investigation of scattering of plane 
electromagnetic waves by spheres [7].  Initially, dielectric WGM resonators were studied 
in the microwave and millimeter-wave regime [8,9].  At optical wavelengths the first 
observation of WGMs in dielectric materials was made possible by the advent of laser 
technology.  
 Optical WGM microresonators of various geometries can be produced including 
cylindrical [10], toroidal [11], spherical [12], spheroidal [13], and disk shaped [14], 
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depending on their application. By far the most promising geometries are the cylindrical 
and the spheroidal given the ease of manufacturing them. 
Optical WGM resonances have been studied in various materials including liquid 
droplets [15,16], polymers [17-21], fused silica, and transparent crystals [22-27].  Given 
the fact that liquid droplets are extremely difficult to handle and the fact that polymer 
microresonators have small quality factors due to their rather large absorption the 
remaining choices for a robust and high quality resonator are the use of either fused silica 
or crystalline microresonators.  Nevertheless, high quality crystalline resonators are rather 
difficult to obtain using very involved polishing techniques.  
 In the present work the WGM microresonators are produced from readily 
available and inexpensive fused silica.  Cylindrical resonators are obtained by carefully 
removing the jacket from standard optical fiber, the remaining cylinder having a surface 
roughness small enough to produce quality factors exceeding 107 [28,29].  Spheroidal 
microresonators are obtained by melting the end of an unjacketed optical fiber.  The 
molten fused silica takes a spheroidal shape due to surface tension, resulting in a high 
quality microresonator with a surface roughness of less than 1 nm.  Quality factors 
exceeding 109 were obtained in such a microresonator.   
 Due to their high quality factors and large field densities WGM resonators were 
used for resonant enhancement of nonlinear interactions of various kinds [30-35].  WGM 
resonances provided a high nonlinear response even from materials with low 
nonlinearity. 
 Considerable effort was dedicated to using WGM resonators in conjunction with a 
gain medium in order to obtain laser emission.  The first lasers based on WGM resonators 
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were investigated using solid state resonators [22,23,36].  Other investigations revealed 
laser emission from liquid droplets [37-42] and microspheres doped with rare earth ions 
[43-46].  An important advancement in microlaser development based on WGM 
resonators was realized with the surface coating of the microresonator using 
semiconductor nanoparticles as gain medium.  In this manner ultra-low threshold 
continuous-wave laser emission was obtained at room temperature using HgTe quantum 
dots [47].  By selecting the size and composition of the quantum dots the laser emission 
can be tuned over a wide wavelength region. 
 The use of WGM resonators as chemical or biosensors was also envisioned and 
most of the effort was geared towards monitoring the WGM resonance shift of a coated 
microresonator in the presence of an analyte [48-55].  In principle the microresonator is 
coated with a binding agent that permits the selective attachment to the surface of the 
molecule of interest.  This results in a small change in the index of refraction and triggers 
a shift of a WGM resonance.  Nevertheless, in spite of its advantage of selective detection 
this method relies on the detection of WGM frequency shifts on the order of a fiftieth of a 
WGM linewidth, or ~ 4 MHz.  It is well known that the temperature variation produces 
WGM frequency shifts as large as 1.6 GHz per degree Celsius [56], and separating the 
shifts due to molecular surface adsorption from the thermal shifts could be quite 
challenging. 
 Other sensors based on the observation of the quality factor spoiling with the 
presence of chemicals within the evanescent fraction of a WGM were also proposed.  
Besides being a parameter difficult to monitor in a real life setup, the quality factor 
measurement can be adversely affected by thermal effects.  Depending on the scan 
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direction and speed the WGM resonances could appear narrower when the scan direction 
is towards lower wavelength and wider for scans towards longer wavelengths [56].  This 
thermal bistability effect is due to the fact that as light enters a WGM resonance the 
resonance position shifts thermally towards longer wavelengths. 
 The WGM sensor described in this dissertation is immune to thermal effects as 
the parameter monitored is the amplitude of a WGM resonance.  Besides the benefit of 
thermal immunity it also permits the development of a novel type of spectroscopic 
technique analogous to Laser Spectroscopy (LS).  Instead of scanning an absorption 
profile with a tunable laser and monitoring the changes in the intensity with frequency, a 
WGM resonance is locked to the laser [2] and it follows the laser scan over the 
absorption profile.  Changes in the WGM resonance amplitude are monitored and an 
enhancement of the detection pathlength is obtained due to the fact that on resonance an 
average photon executes thousands of cavity round trips, interacting many times with the 
analyte.  
 An outlook of this dissertation follows.  In the rest of Chapter I, the 
microresonator and input tapered fiber fabrication methods are presented.  Adiabatically 
tapering the input fiber is a requirement for all the experiments described in this 
dissertation.  As such, an exact treatment of the fiber modes along with a tapering method 
is developed. 
 In Chapter II the theoretical model for a WGM resonator is described, both for 
cylindrical and for spherical microresonators used in this work.  A novel experimental 
method is also presented for non-invasive determination of the WGM resonance coupling 
regime. 
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 Chapter III describes the use of a WGM resonator for a cavity-enhanced LS 
experiment along with other detection mechanisms for detecting trace gases in the 
atmosphere.  Long effective absorption path lengths are obtained, orders of magnitude 
larger than the linear dimension of the detection area.  The frequency tuning of a 
cylindrical WGM resonance that is realized using a piezoelectric transducer (PZT) to 
stretch the microresonator is also described, along with the lock-in mechanism for 
locking a WGM to a scanning laser. 
 Chapter IV experimentally investigates the ability to detect nano-molar 
concentrations of absorbing analytes in a liquid solution using microsphere WGM 
resonances.  Effective absorption pathlengths on the order of meters are obtained for the 
first time in a highly absorbing solvent.  Also, a new experimental method for 
determining the evanescent fraction of a WGM resonance is presented.  Our method, 
much simpler than previous proposed methods [52-54] produces results in good 
agreement with the theoretical predictions. 
 Surface functionalization of WGM microresonators for selective detection of 
analytes in solution is investigated in Chapter V and introduces a new analyte-
functionalization layer pair. 
 Chapter VI concludes this work, describing a few perspectives and possible 
directions towards improving our sensors.    
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2.   Microresonator fabrication 
 Two types of microresonators were used in this work: spherical and cylindrical 
depending on their use. For all the gas sensing experiments the cylindrical 
microresonators were used mainly because they could be easily mounted across a 
stretching device intended to tune the WGM resonances excited along their 
circumference.  For the liquid sensing experiments the microspheres were used since the 
absorption profiles of the dyes investigated cover a wide wavelength range overlapping 
with many WGMs and, as such, no tuning of the WGM resonances is required. 
 The microspheres are fabricated by melting an end of an optical fiber in a 
hydrogen-oxygen flame.  Hydrogen is used for fueling the flame for two main reasons:  it 
burns at a very high temperature suited for melting fused silica and it creates a very clean 
flame with no solid residues.  In principle, even cleaner microspheres can be created by 
using a CO2 laser to melt the optical fiber.  But besides being a technically difficult task it 
does not result in significantly improved microresonators.  Figure I.1 describes the 




Figure I.1. Microsphere fabrication sequence.   
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After removing the jacket the fiber is carefully cleaned and then inserted 
horizontally into the H2-O2 flame.  As the fiber softens it bends up, pushed by the flame 
pressure.  The end of the fiber reaches the hottest region of the flame and it begins to 
melt.  The surface tension brings the molten fused silica into a spherical shape.  
Constantly feeding more fiber horizontally inside the flame adds more and more molten 
fused silica into the microsphere formed increasing its size.  When the desired size is 
obtained the microsphere is removed slowly out of the flame.  The rest of the fiber is left 
attached.  It is used for handling the microsphere.  Microspheres with diameters ranging 
from 80 µm to 1000 µm could be fabricated in this manner.  For microspheres with the 
diameter less than 125 µm, the diameter of a standard fiber used in the lab, a previously 
tapered fiber was used. 
 The cylindrical microresonators are actually pieces of optical fiber.  In order to 
obtain a clean surface, the jacket is removed by softening it in acetone until it falls off the 
fiber.  The remaining fiber is then carefully cleaned using acetone and methanol 
repeatedly.  If the diameter of the microcylinder has to be smaller than 125 µm the fiber 






3.   Taper fabrication, Adiabaticity 
 Tapered optical fibers are used in many applications: they can be used as 
absorption sensors, fiber couplers, splitters, and also as a way of injecting light from an 
optical fiber into whispering-gallery mode resonators.  Although not a necessity, 
oftentimes it is convenient that the light propagating along the tapered fiber remain in a 
single mode.  Such a taper is called adiabatic.  
 In this section the investigation focuses on the mode evolution in a step-index 
tapered fiber (Corning SMF 28), at a wavelength of 1550 nm, and the conditions required 
for obtaining single mode propagation throughout the entire tapered region.  The task 
addressed is to create a tapered profile that meets the adiabaticity criteria and has the 
shortest possible length. The mathematical model is solved using Mathematica code and 
can be used for any other kind of step-index optical fiber, at any other wavelength, 
provided that the geometry of the fiber and the indices of refraction for the core and the 
cladding are known.  
 Previous papers [57,58] obtain the adiabaticity criteria by approximating the 
modes propagating through the taper as LPlm modes that are actually a superposition of 
the HEl+1,m and EHl-1,m, an approximation that simplifies the field components.  This is 
justified in their case by the fact that the degree of tapering is not too large so that the 
field in the air surrounding the taper is negligibly small.  This is not the case when the 
taper is to be used as a coupler.  The very field extending outside the tapered fiber is 
responsible for coupling the light out.  Thus, this section will use the HElm denomination 
for the modes along with the appropriate mathematical model.   
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The HElm modes 
 In order to obtain the propagation constants in a step-index dielectric waveguide 
one has to solve the following equation [59]: 
2 22 22 2
21 2
0
' ( ) ' ( ) ' ( ) ' ( ) 1 1
( ) ( ) ( ) ( )
l l l l
l l l l
J ha K qa n J ha n K qa l
haJ ha qaK qa haJ ha qaK qa qa ha k
β        + + = +       
         
.(I.1) 
This is the so-called characteristic equation.  It is obtained by rewriting the wave equation 
in cylindrical coordinates and applying the proper boundary conditions.  Jl and Kl are the 
modified Bessel functions of the first and second kind, respectively, of order l.  The 
constants in the equation are: h2 =n12k02 - β2, q2 =β2 - n22 k02 where n1 is the core index of 
refraction, n2 is the cladding index of refraction, k0 is the vacuum wave vector, β is the 
propagation constant and a is the radius of the waveguide.  Depending on the situation a 
is either the core diameter when the propagation is core-guided, or the radius of the 
cladding when the propagation is cladding-guided. 
 Solving Eq. (I.1) for J'l(ha)/ha Jl(ha) gives: 
1/22 22 22 2 2 2 2
1 2 1 2
2 2 2 2 2 2 2
1 1 1 0
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The two solutions in Eq. (I.3) correspond to the EH and HE modes respectively.  For the 
particular case in which l = 0 the TM and TE modes are obtained.  The HElm 
denomination refers to the solutions of Eq. (I.3) for values of l ≠ 0.  For l = 1 the 
solutions can be obtained either graphically by looking at the intersection point between 
the plotted LHS and RHS functions in Eq. (I.3), or numerically. 
 
 
Figure I.2 The 
plott
(Rep
 LHSfirst three solu
ed  for increasi
roduced from 
SRH10
tions for the HE1m modes. LHS and RHS of Eq. I.3 are 
ng values of ha. 
[59]) 
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It is useful to introduce the following parameters: 
 2 21 2
2 aV n nπ
λ
= − , (I.5) 
the normalized frequency, and 
 0/effn kβ= , (I.6) 
the normalized propagation constant or the effective index of refraction.  By plotting the 
normalized propagation constant versus the normalized frequency (Fig. I.3) it can be seen 
that the HE11 mode (often called the fundamental mode) does not have a cutoff, and it is 
still a guided mode for even the smallest core radius. That is true for a core surrounded by 
an infinite cladding.  In the real case of an optical fiber with a finite cladding diameter, 
there is a certain cladding diameter at which the core-guided mode extends so far out of 
the core that it reaches the boundary between the cladding and the surrounding air and 
starts being guided more strongly by the cladding-air interface.  Often referred to as the 
“core-mode cutoff” it is not a real cutoff since the mode does not cease to be bound but 






In Figure I.3 it can be seen that in between the cutoff conditions for HE11 and 
HE12 there are other modes that can also propagate through the tapered region of the 
fiber.  Since the taper is assumed to be axially symmetric, light from the fundamental 
mode can only couple to modes that have the same azimuthal symmetry (Figure I.4).  The 
next section only concentrates on the conditions required to avoid coupling from HE11 
into the HE12 mode of the cladding. 
Figure I.3 Normalized propagation constant as a function of the normalized








Figure I.4 a) HE11 mode of the cladding;  b) HE12 mode of the cladding. 










The Tapering Process 
 In order to prepare a bi-conical tapered optical fiber the best choice is to use the 
“flame brush” technique [61].  The fiber is attached on two motorized translation stages 
and the jacket is removed in between the stages over a length of approximately 15 mm.  
Underneath the stripped area of the fiber a hydrogen torch is installed, again on a 
motorized translation stage.  As the two stages move away from each other at a relatively 
low speed (2 mm/min.), the hydrogen flame continuously “brushes” the stripped fiber 
along its length, back and forth, at a considerably higher constant speed (120 mm/min.) 
over a distance that can be changed in time.  
 
 
Brushing with the hydrogen flame creates a uniformly heated length along the 
fiber.  The uniformly heated length can then be modified in order to obtain the desired 
shape of the taper [62].  The temperature on the uniformly heated length is carefully 
chosen by adjusting both the position of the flame with respect to the fiber and by 
controlling the hydrogen flow.  The uniformly heated length should reach the “softening 
point”, a temperature at which the fiber becomes soft enough to be pulled into a taper and 
stiff enough not to break. 
Figure I.5 Device for tapering optical fibers. 
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 As mentioned earlier, at a certain taper diameter the HE11 mode of the un-tapered 
fiber starts being guided more strongly by the cladding-air interface than by the core-
cladding interface.  This happens when the effective index of refraction (neff = β/k0) of the 
core-clad guided mode reaches the value of the index of refraction of the cladding.  For 
values of neff higher than the index of refraction of the cladding n2 the mode is guided by 
the core-cladding interface whereas for values of neff lower than n2 the mode is guided by 


















Effective index for the HE11 mode, core guided





   
 
Once the fundamental mode starts being guided by the cladding-air interface, the 
waveguide is now multimode and the difference between the propagation constant of the 
fundamental mode and the next mode with the same symmetry is at its minimum 
Figure I.6 Plot of the HE11 mode, core-guided (red curve) and cladding guided (blue 
curve).  At a core radius of 1.6 µm that corresponds to a cladding radius of 
23.8 µm the HE11 mode starts being guided by the cladding-air interface. 
The two horizontal lines indicate the index of refraction of the core 
(1.4505) and of the cladding (1.4447).  The horizontal axis represents the 
radius of the core for the red curve and the radius of the cladding for the 
blue curve. 
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(Figure I.7).  This is because of the large diameter of the waveguide at that point and the 
higher index contrast at its boundary.  This means that the angle of the taper at the 
transition point from core-guidance to cladding-guidance has to be small enough both to 
accommodate the new boundary conditions and to prevent mode coupling between the 






































The difference between the HE11 and the HE12 propagation constants versus the 
cladding radius a can be calculated for the entire range of diameters during the tapering.  
For the region where the guidance is mainly due to the core-cladding interface and all the 
higher order modes are cutoff, the propagation constant for the HE12 mode is calculated 
simply as k0n2.   
 
 
Figure I.7 Plot of the HE11 (blue curve) and HE12 (red curve) mode propagation 
constants for the cladding-air guided part of the taper as a function of the 
cladding radius.  The separation between propagation constants increases 





 A useful measurement in investigating the condition for adiabatic tapering is the 
local taper angle defined as the angle Ω between the fiber axis and the tangent to the 
taper profile at the point of interest.  The tangents to the taper profile form a cone whose 
height can be approximated as: 
 /tz a≈ Ω  (I.7) 
where a is the radius of the taper at that particular point.  
The coupling length between the two modes is then taken to be the beat length 










 Having defined the transition length zt and the beat length zb between the 
fundamental mode and HE12, the delineation between lossy and adiabatic tapers can be 
drawn at zt =  zb.  For zt >> zb the taper can be considered adiabatic whereas for zt << zb 
there will be a significant loss due to coupling to the second mode.  The delineation 
between lossy and adiabatic tapers is then written: 




−Ω =  (I.9) 
The value of the waveguide radius a is taken to be the radius of the core for the 
core-guided mode and respectively the radius of the cladding for the cladding guided 
modes.  For core-guided propagation β1 is the propagation constant of the HE11 mode and 
β2 is the propagation constant of a hypothetical HE12 mode having the effective index of 
 
refraction neff = n2, the index of refraction of the cladding.  For the case of the cladding-
guided propagation β1 and β2 are the propagation constants of the HE11 and HE12 modes 
respectively.  To facilitate the comparison with an actual taper, the cladding angle Ωcl is 
plotted in Fig. I.8.  For cladding guidance, Ωcl is given by Eq. (I.9), and for core 























angle have to b
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Plot of the cladding taper angle Ωcl as a function of the taper ratio a/a0. (a0
is the un-tapered radius of the fiber.)  The pink curve represents the 
variation of Ω for the core-guiding part of the taper while the blue curve is 
for the cladding-guiding part.  The curve crossing marks the radius of the 
taper around which the transition from core-guidance to cladding-guidance
occurs.  The values are calculated for Corning SMF-28 fiber and a
wavelength of 1550 nm.18
e seen that in order to obtain an adiabatic taper the values of the taper 
e always below the upper parts of the curves in Figure I.8.  The next task 
taper profile for which the taper angle is close to the maximum admissible 
l bring the length of the taper to a minimum. 
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 The desired shape of the taper that has the shortest length while still being 
adiabatic is typically accomplished with an apparatus similar to the one drawn in 
Figure I.5 for which the distance over which the flame “brushes” the stripped fiber can be 
varied.  Also, for a better control of the size of the heated area of the fiber, a CO2 laser 
can be used instead of a hydrogen torch [63].  The only drawback of the CO2 laser is the 
requirement of quite precise alignment so that the fiber is heated uniformly as it is 
scanned by the focused beam. 
 The function describing the variation of the heated length can be found either by 
following the so-called “reverse problem” in [62] or by investigation.  The problem with 
the procedure described in [62] is that it involves extremely intensive numerical 
calculations making it impossible to obtain an analytical form for L(x), the heated length 
as a function of the taper extension x, which is the sum of the distances traveled by stages 
A and B in Fig. I.5.  The method that is proposed significantly decreases the amount of 
computation while still resulting in nearly optimal single-mode tapers.  It is based solely 
on the investigation of the delineation curve given in Figure I.8.  It can be seen that 
around the transition region the value of Ω cannot exceed 10-2.  It is also preferable that 
around this region the variation of Ω is minimal in order to accommodate the transition 
from the core-guided to cladding-guided wave.  It is also known that the taper is more 
“gentle” for larger heated areas or flame-brush lengths.  This can be deduced from 
imposing a conservation law for the mass of fused silica contained in the heated area.  
Finally, the heated area cannot be smaller than 2 mm for a system based on a traveling 
burner as illustrated in Figure I.5 simply because the flame itself has a certain width (~2 
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mm for a torch tip # 3, jewelers standard).  Thus, L(x) should resemble a function of the 
form 
 21 2 3( )L x c x c x c= + +  (I.10) 
with negative c1 so that it has a maximum where the transition from core- to 
cladding-guidance occurs followed by a constant value (set at 2 mm) for the case of a 





















For the fiber chosen in this calculation (Corning SMF28), and for the operating 
wavelength of 1550 nm the coefficients in L(x) are: c1 = -0.0768311 mm-1, c2 = 0.852467 
and c3 = 5 mm.  This results in the fiber profile plotted in Figure I.10. 
 






















Using the above L(x) the total length of the bi-conical taper with a waist of 2 µm 
in diameter can be less than 2.5 cm.  Previous single-mode bi-conical tapers prepared 
with a fixed heated length of 6.5 mm had a length of more than 5 cm.  Also since the 
form of L(x) is rather simple it can be easily implemented in the LabView code that 
controls the fiber puller. 
The local taper angle is plotted in Figure I.11.  In Figure I.12 the taper angle is 
plotted together with the adiabaticity delineation curves in Figure I.8.  It can be seen that 




Figure I.10 The cladding radius as a function of the suggested L(x) profile.  The blue 
part of the curve corresponds to L(x) = c1x2+c2x+c3 and the red part is an 









































Figure I.12 The taper angle of the optimal profile against the adiabaticity delineation 























1.   Whispering-gallery mode equations 
The WGM fields of a microresonator, be it a microsphere or a cylinder, can be 
described using electromagnetic theory in spherical and cylindrical coordinates 
respectively, plus the proper dielectric boundary conditions.  Figure II.1 illustrates the 
coordinate system used.  Also, the figure depicts the two orthogonal polarizations for the 
electromagnetic field inside the resonators.  For the microsphere case the polarization 
Figure II.1. Microsphere and the associated spherical coordinate system. The arrows 
indicate the approximate orientation of the electric field at the point where 









direction for Transverse Electric (TE) and Transverse Magnetic (TM) is the obvious 
choice given that WGMs propagate in the φ direction at the equator of the sphere of 
radius a. 
 For the spherical case the solutions to Maxwell’s equations for the internal (r < a) 
electric and magnetic field components are given in SI units by [64] for the two 
polarizations: 
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and the magnetic field components are described by 
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where E0 is the electric field amplitude, the Pm are the associated Legendre polynomials, 
j

 are the spherical Bessel functions of the first kind, ( ) ( ) /TE M TE Mq m s q mk n cω=  , µs is the 
permeability of the microsphere, ns is the microsphere’s refractive index, ωqlmTE(M) is the 
resonance angular frequency for the TE and TM modes respectively, and the prime 
denotes the derivative with respect to the argument ( )TE Mq mk r .   
 In the region outside the microsphere (r > a) the field components are: 







( , , , ) 0
( , , , ) P cos ( )
sin
P cos












imE r t E h K r e e






















and the magnetic field components are described by 
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where (1) ( )( )TE Mq mh K r   are the spherical Hankel functions,
( ) ( )TE M TE M
q m q mK k n=  , µa is the 
permeability of the outside medium, na is the refractive index of the surrounding medium 
n = ns/na, and the prime denotes the derivative with respect to the argument ( )TE Mq mK r . 
The WGM resonance frequencies are 
1 3( ) 2
( ) ( ) 2
2 3 1 3
31 21 2 ,
2 2 2 2 10( 1 2)
TE M














in which δ = c/2πans is the microsphere’s free spectral range, aq is the qth zero of the Airy 
function,  and 2/ 1TE n n∆ = −  and ( ) 12 1TM n n −∆ = −  is the polarization dependent 
frequency shift.  The boxed term accounts for sphere’s eccentricity, the upper sign being 
used for oblate spheres and the lower sign for prolate spheres. 
Figures II.2 and II.3 depict the radial and azimuthal microsphere WGM structure.  
For both cases the TE polarization is presented.  
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Figure II.3. The first three angular order modes.  
 
























































 In the case of a cylindrical microresonator of radius a the WGMs propagate 
around the surface in the φ direction in the y-x plane, and the electric and magnetic field 
components inside and outside the resonator can be expressed as follows [65]: 
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Figure II.4. Microcylinder and the associated cylindrical coordinate system. The 
arrows indicate the approximate orientation of the electric field at the 










and outside (r > a) 
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 The TM polarization field components inside (r < a) the microresonator are 
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and outside (r > a) 
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= . (II.14) 
The resonance frequencies are given by 
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and are similar to the spherical case, the differences being that  +1/2 becomes   as a 
result of using cylindrical rather than spherical Bessel functions, and no m degeneracy.   
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2.   Ring cavity model 
 Although describing in a precise manner the WGM modes inside a spherical or 
cylindrical microcavity, the exact model proves to be very difficult to use and it 
consumes vast computational resources.  Combining this exact description of WGMs 
with the exact description of fiber modes, as given in Chapter I, for the analysis of 
fiber-microresonator coupling and frequency response is impractical.  The detail is not 
needed for an understanding of microresonator behavior.   
 As a result, a more simplified model was developed [66].  It is based on a 
4-mirror ring cavity in which one of the mirrors is a partially transmitting mirror while all 
the others are assumed to be perfectly reflective.  A round-trip intensity loss αl is 
assumed; it models the intrinsic loss of a WGM microresonator.  The transmission 
coefficient T of the partially transmitting mirror will take the role of the square of the 
coupling coefficient between the microresonator and the tapered fiber.  Figure II.5 a) 
depicts a typical experimental setup with a microresonator in contact with a tapered fiber 
while Figure II.5 b) shows the analogous 4-mirror ring cavity. 
 The ring cavity model is a valid analog to a fiber-coupled microresonator when 
only a single fiber mode is excited.  For light incident on a microresonator this is 
accomplished by making the fiber taper adiabatic, as described in Chapter I. However, 
light coupling out of the microresonator can couple into many fiber modes, and any light 
coupled into modes other than HE11 will be lost if the second taper transition is also 
adiabatic.  Fortunately, it is possible to make this lossy coupling into higher-order fiber 
modes negligibly small by properly choosing the diameter of the tapered fiber [60].  Thus 










































Figure II.5. 4-Mirror ring cavity model.  a) Microcavity and tapered fiber in contact. 
Light can couple from the fiber into the resonator and vice versa.  b) The 
4-mirror ring cavity equivalent. The top mirror is partially transmitting; all 




 The electric field reflected from the top mirror of the ring cavity, relative to the 
incident field, can be expressed as 




E r t e e re e re e
E
α α α
δ δ δ− − − = − + + + 
 
, (II.16) 
where Er is the reflected electric field, Ei is the incident electric field; r is the reflection 
coefficient and Ât is the transmission coefficient of the top mirror.  δ is the phase detuning 
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Assuming that both the round-trip loss αl and the transmittance T = t2 are << 1, 
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, (II.18) 
where for a small T 
 2 21 2(1 )T t r r= = − ≅ − . (II.19) 
Defining x as the loss ratio 
 Tx
lα
=  (II.20) 

























A detector positioned at the output of the tapered fiber in contact with the 
microresonator or collecting the light reflected off the ring cavity will measure a signal 
















−  + + = =
+
. (II.23) 
The electric field that exits the cavity is out of phase with the field reflected off the input 
mirror. As the input light is scanned in frequency, a sharp Lorentzian dip (e. g. Fig. III.2) 
is observed whenever a resonance condition is met (the cavity optical round-trip path is 
an integer multiple of the wavelength) and a round-trip loss is present.  It can be seen in 
Eq. (II.22) that on resonance (θ = 0), for a value of x = 1 (or T = αl) there is 100% 
extinction in the reflected signal.  The Lorentzian WGM dip extends in this case all the 
way down to zero.  Such a regime in which the coupling loss equals the intrinsic loss is 
called critical coupling. When T < αl the resonator operates in an undercoupled regime 
while for T > αl the WGM is said to be in the overcoupled regime. 























reaches a maximum value of 1 or 100% at critical coupling.  Varying the loss ratio x 
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either by changing T (the coupling loss) or αl (the round trip loss) would result in changes 































It can be seen that the dip depth reaches its maximum value 1 (or 100%) for x = 1.  
Nevertheless, for a dip depth different from 100% there is an ambiguity in determining 
the coupling regime.  For every given dip depth there are two solutions for the coupling 
Figure II.6. Top: Dip depth variation with the coupling regime x. 























regime: x and 1/x. In other words both x and 1/x result in the same value of the dip depth 
as given by Eq. (II.25). 
The majority of the sensing experiments described in this dissertation take 
advantage of the dependence of the resonance dip depth variation with the round-trip loss 
variation in the presence of the analyte.  The most general expression for the round trip 
loss can be written as 
 i s ml l f l f lα α α α= + + , (II.26) 
where αi is the intrinsic absorption coefficient of the microresonator.  It takes into 
account all the losses of the isolated resonator such as absorption, radiation and 
scattering.  αs is the absorption coefficient of the solvent containing the analyte in a 
typical sensing experiment for liquids and αm is the absorption coefficient of the analyte.  
The evanescent fraction f accounts for the fact that only 0.3-3.0% of the WGM interacts 
with the surrounding medium, depending on the WGM’s radial mode order number. 
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, (II.29) 
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Equation (II.31) can be now expressed again in terms of x.  Also, fαm is typically much 
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, (II.32) 
where Lteff is the theoretical effective absorption pathlength defined in analogy with 




α= − . (II.33) 








− =  + + 
. (II.34) 
A negative value of Lteff means that the mode is overcoupled whereas a positive value is 
obtained for undercoupled WGMs.  However, the theoretical effective absorption 
pathlength is zero for the critically coupled modes making the use such WGMs an 
inappropriate option for a sensing experiment, since dM0 << M0 is violated.  The fact that 
the critically coupled modes have zero effective absorption pathlength and consequently 
zero sensitivity can be also observed in Figure II.6.  The slope of the curve representing 
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the variation of the WGM resonance dip depth with changing x, (or with changing round-
trip loss) is zero when x equals 1.   
 For the gas sensing experiments described in Chapter III the value of αs is zero 
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. (II.35) 
 In the liquid sensing experiments, in the case of strong solvent absorption, the 
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. (II.36) 
In the case of moderate solvent absorption coefficient the general expression in 
Eq. (II.34) is used. 
 In all cases, when αm is known and M0 and M0 + ∆M0 are measured, Lteff can be 













3.   Coupling regime investigation 
 In the previous section it was observed that for a given WGM dip depth there is 
an ambiguity in determining the exact coupling regime, each WGM having the possibility 
to be either undercoupled or overcoupled.   
There are experimental means to determine the coupling regime.  The coupling 
constant between the tapered fiber and the microresonator can be changed by moving the 
tapered fiber closer to or farther away from the microresonator and recording the WGM 
dip depth change.  Moving the tapered fiber away from the microresonator results in a 
decrease of the coupling constant. If the WGM dip becomes shallower it means that the 
microresonator is undercoupled.  Reducing the coupling constant T will drive the 
microresonator into an even more undercoupled regime, reducing the strength of the 
WGM resonance.  If the WGM resonance dip becomes deeper it means that the 
microresonator was initially overcoupled.  The decrease in coupling constant results in 
driving the microresonator more towards the critical coupling regime where the dip depth 
is maximum. 
Another way to investigate the coupling regime is by keeping the coupling 
strength constant and varying the round-trip loss by bringing an object in close proximity 
to the surface of the microresonator where the WGM is excited.  The object’s presence 
within the evanescent fraction of the microresonator results in an increase in the 
round-trip loss.  If the microresonator was initially overcoupled the WGM resonance dip 
becomes deeper; an initially undercoupled mode would become shallower. 
The two methods described above are not convenient for determining the 
coupling regime since they require invasive probing of each microresonator produced.  
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This could constitute a drawback for some applications where large scale integration is 
used in producing the microresonators and a priori knowledge of each resonator’s 
coupling regime is needed for predicting individual microresonator responses. 
A non-invasive method for determining the coupling regime was developed.  The 
microresonator is permanently in contact with the tapered fiber and no loss is added by 
any artificial means.  Instead, the light from the tunable diode laser (TDL) is modulated 
in a square wave fashion as it scans in frequency over a WGM resonance.  Figure II.7 

















In Figure II.8 the input light modulation versus the bottom of a WGM dip is 
sketched.  
Figure II.7. Experimental setup for coupling regime investigation.  Light from the 
TDL is modulated in a square wave fashion by the Acousto-Optic 
Modulator (AOM). It is then coupled into single-mode optical fiber, 













Also visible in Figure II.8 is θ, the detuning of a square wave cycle from the WGM 
resonance in units of WGM half linewidths. 
 Using the 4-mirror ring cavity model the field reflected off the input mirror for 
detuned incident light with a time-varying amplitude is found from 
 ( ) ( ) (1 ) [( 1) /( 1) ]r i r i
dE t dE t k i E k x x i E
dt dt
θ θ= − − + + − + − , (II.38) 
where k is the field decay rate or WGM half linewidth.  All other variables have the same 
meaning as in section II.2. 
Experimental data is in perfect agreement with the resonator response predicted 
by the theoretical model.  Figures II.9, II.10 and II.11 depict the resonator response for 
undercoupled, overcoupled and critically coupled WGM resonances. 
θ
Figure II.8. Sketch of the square wave modulated light from the TDL as it scans in 

































x = 0.31 
θ = 0.3 
k = 0.017 
b) 
x = 0.65 
θ = 0.25 








Figure II.9. Undercoupled WGM time response to a square wave amplitude modulated 
input.  Blue dots represent the experimental data; the red line is the 
theoretical fit using the corresponding fit parameters. 
a) x < 1/3.  









x = 1.33 
θ = 0.55 
k = 0.025 
b) x = 1.4 
θ = 0.3 









Figure II.10. Overcoupled WGM time response to a square wave amplitude modulated 
input.  Blue dots represent the experimental data; the red line is the 
theoretical fit using the corresponding fit parameters. 
a) More detuned square wave cycle.  
b) Less detuned square wave cycle. 
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 Figures II.9 and II.10 show a qualitative difference between the undercoupled and 
overcoupled WGM response to the modulated input.  For the undercoupled modes, after 
the initial spike the signal reaches steady state in a monotonic manner.  The overcoupled 
modes have a response that goes through a lower value (zero for θ = 0) before reaching 
steady state.  
 In the theoretical fit a 7 ns rise and fall time of the exponential turn on and off of 
the input square wave signal is used to match the rise and fall time of the function 






x = 1 
θ = 0.15 









Figure II.11. Critically coupled WGM time response to a square wave amplitude 
modulated input.  Blue dots represent the experimental data; the red line is 







1.   Experimental Setup 
For gas detection a vacuum chamber has been designed equipped with 
mechanical, electrical, and fiber optic feedthroughs.  Figure III.1 is a schematic of a 
















Trace gas PumpFigure III.1. Gas sensing experimental setup.  Laser light from a 1650 nm CW TDL is
launched into the optical fiber.  After passing through a polarization
controller the fiber is fed into the vacuum chamber.  The tapered fiber is in 
contact with the cylindrical microresonator.  The fiber exits the chamber
and the output is collected onto a detector. 46
 47
The inset in Figure III.1 depicts the tapered fiber in contact with a vertically 
mounted cylindrical WGM microcavity.  The microcylinder is usually obtained by 
carefully removing the jacket from a standard optical fiber.  A piece of about 15 cm of 
jacketed fiber is immersed in acetone for up to 20 minutes.  The acetone softens the 
jacket until it falls off the fiber.  If the jacket is still attached after 20 minutes it can be 
easily removed by sliding it off gently.  The remaining un-jacketed fiber is then 
vigorously wiped with lint-free tissue impregnated first with acetone and then with 
methanol.  The fiber is then rinsed with methanol.  All these cleaning steps are made to 
ensure a microresonator surface as clean as possible.  Oftentimes the fiber is mounted 
over a low temperature hydrogen flame that swipes the fiber lengthwise to further clean 
and possibly smooth the microresonator surface.  The hydrogen flame has to be 
sufficiently cold to ensure that the microresonator does not melt and maintains a perfect 
cylindrical symmetry. 
After successfully cleaning the microcylinder’s surface, a 2-cm length is placed 
across the piezoelectric transducer (PZT) fixture also depicted in Figure III.1 inset.  A 
small drop of Super Glue is then applied over the fiber on both mounting points across 
the PZT.  Before the Super Glue cures a small piece of glass cut from a microscope slide 
is positioned over the adhesive drop such that the microcylinder is sandwiched between 
the stretching device arm and the glass piece.  This is done to ensure that the 
microresonator is rigidly attached to the stretching arms. 
The PZT used expands 7 µm for 150 V applied between its terminals in the 
absence of any mechanical load.  As voltage is applied to the PZT it will stretch the 
microcylinder changing both its circumference and its index of refraction.  As the 
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microcylinder stretches, its circumference decreases resulting in a shift of the WGM 
resonances towards shorter wavelengths or higher frequencies.  WGM resonance shifts in 
excess of 120 GHz, mainly due to circumference change rather than refractive index 
variation, can be obtained depending on the microcylinder’s dimensions. 
Shifting the WGM resonances of a microcylinder is a condition sine qua non for 
the gas sensing experiment where gas absorption lines are typically narrow and the 
microcylinder’s WGM spectrum is rather sparse with very rare situations in which a 
resonance occurs at the exact same frequency as the gas absorption line. 
In order to make sure that the laser scans over a gas absorption line the vacuum 
chamber is connected to a 60 cm gas absorption cell (not shown in Figure III.1) probed 
by the same TDL using a beamsplitter.  Whenever gas is inserted into the chamber it will 
also be present into the absorption cell; a typical Laser Spectroscopy (LS) setup is thus 




2.   Results with various pressures 
The first type of experiment targeted at gas detection consists of exciting 
microcylinder WGM resonances by scanning the TDL over the frequency region where a 
gas absorption line is present, and then varying the gas pressure.  As described 
previously, a WGM is accompanied by an evanescent fraction f, a part of radiation that 
extends outside the boundary of the microresonator.  Whenever the microresonator is 
surrounded by a medium that absorbs light at the operating wavelength, the round-trip 
loss for a certain WGM can be expressed as 
 i ml l f lα α α= + , (III.1) 
where αi is the intrinsic absorption coefficient, αm is the molecular absorption coefficient 
of the medium outside the resonator, f is the evanescent fraction, and l is the 
circumference of the resonator. 
Increasing the pressure of the gas surrounding the microresonator results in an 
increase in αm that in turn produces an increase in the total round trip loss. An increase in 
the round-trip loss results in a decrease in the loss ratio defined as x = T/αl.  Depending 
on whether the WGM is initially overcoupled or undercoupled the WGM dip depth will 
increase or decrease respectively.  Figure III.2 illustrates WGM dip depth variation with 


















Frequency (arb.) Figure III.2. WGM dip depth variation for overcoupled and undercoupled modes. 
Increasing the round-trip loss causes the overcoupled WGMs to become 
deeper; undercoupled WGMs become shallower.  50
 
Experimental results displaying a dip depth change with changing the pressure of 
the gas surrounding the WGM microresonator are presented in Figure III.3.  The gas used 
in this experiment is methane (CH4).  At λ = 1650.96 nm it displays an absorption feature 
corresponding to a group of four absorption lines (the bottom red trace) in Fig. III. 3; also 
see Fig. III. 4 [67].  WGMs are excited in an 80 µm diameter microcylinder obtained by 
tapering a typical 125 µm diameter fiber.  WGMs with the highest quality factor Q are 
then tuned to positions near resonance with the methane absorption feature. 
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It can be observed that the undercoupled WGM resonance highlighted in the red 
rectangle becomes shallower as the pressure and hence the absorption of the methane is 
increased.  This particular WGM has a quality factor Q = 107.  The relatively large 
changes in dip depth corresponding to changes in gas absorption coefficient correspond 














Figure III.3. Experimental results at various pressures.  As the methane pressure is 
increased the undercoupled WGM resonances become shallower (red 
rectangle) while the overcoupled WGMs become deeper (blue rectangle). 
The bottom red trace represents the methane absorption feature at a 
pressure of 2 Torr.  
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The WGM in the red rectangle in Figure III.3 is tuned to be resonant with the 
strongest part of the methane absorption feature while the modes in the blue rectangle are 
initially not resonant with the absorption feature.  It can be seen that as soon as the 
absorption feature broadens due to the increase in pressure the overcoupled mode in the 
blue rectangle starts displaying a change in its dip depth as it starts overlapping with 
methane’s absorption feature. 
Figure III.3 also reveals that even for large changes in the absorption coefficient 
in the environment surrounding the microresonator there is an extremely small change in 
the Full Width at Half-Maximum (FWHM) of the affected WGMs.  Measuring the 
changes in dip depth is thus demonstrated once again as the best approach in using the 
microresonator WGMs as a trace gas sensor. 
The four absorption lines in Fig. III.4 occur at 6057.077800 cm-1, 
6057.086100 cm-1, 6057.099800 cm-1, and 6057.127300 cm-1 [67];  the line centers span 
a frequency range of 1.50 GHz.  They belong to the vibrational overtone (2ν3) band of the 
C-H asymmetric stretching mode.  Their order is reversed relative to Fig. III.3 in which 
the scan direction is opposite.  The FWHM Doppler-broadened linewidth is 565 MHz, 










Figure III.4.  Methane absorption profile at 1650.96 nm.  The top trace is obtained
using HITRAN data [67] assuming a pressure of 2 Torr.  As the pressure
increases beyond ~ 30 torr all the absorption lines become noticeably





3.   Results for tuning the modes across absorption lines 
The results in section III.2 and in Figure III.3 suggest that WGM resonances are 
sensitive enough to probe minute changes in the absorption coefficient in the surrounding 
medium.  The WGM resonance dips do not necessarily need to be tuned where the 
absorption feature of the gas is the strongest.  The WGM highlighted in the blue rectangle 
in Figure III.3 demonstrates that the microresonator sensitivity is large enough to probe 
the entire profile of a gas absorption line. 
The experimental setup for probing the absorption profile of the gas surrounding 
the microresonator is similar to the setup used in the previous section.  But instead of 
tuning the WGM resonances to the frequency where the gas absorption profile is 
strongest and then investigating the changes in dip depth as the gas pressure is increased, 
in this setup the pressure of the gas is maintained constant and a WGM is tuned to 
various points on the gas absorption profile and the dip depth is recorded for each 
position.  Figure III.5 illustrates this concept; it simulates tuning a WGM over the 
frequency region where a gas absorption feature is present. 
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For this experiment the microresonator used was a 125 µm diameter 
microcylinder mounted as usual in a PZT stretching device.  This diameter 
microresonator was chosen in order to assure a perfect cylindrical symmetry of the 
microcylinder.  It is in fact a piece of very clean, unjacketed optical fiber.  As the 
microresonator is tuned by stretching, it is crucial to maintain cylindrical symmetry in the 
event that while tuning the microcylinder might slide over the tapered fiber.  An 
extremely small variation in the cylinder’s diameter would result in such an instance in a 
rapid shift of the WGM observed.  Even worse, with changing symmetry other unwanted 
modes could be excited and overlap with the one monitored. 
A typical experimental result is presented in Figure III.6.  Once again the gas 
investigated is methane.  Inside the chamber that contains the tapered fiber and the 
Figure III.5. Simulation of a WGM scanning over a gas absorption feature (blue, 
bottom trace).  The vertical position of the dip (red dot) is recorded for 


















microresonator an atmosphere of pure methane at 200 Torr is created.  The WGM 
marked with an arrow at the bottom of the figure is the one being investigated.  For each 
trace corresponding to a different WGM resonance position a vertical offset is added for 
clarity.  It is visible in the center of Figure III.6 that this undercoupled WGM becomes 





Figure III.6. Experimental results 
From bottom up the 
absorption profile at 

















for scanning a WGM over a gas absorptio
WGM marked with an arrow scans over a m
200 Torr (not shown).  The red trace is the







A plot of the points corresponding to the bottom of the WGM dip observed in 
Figure III.6 is presented in Figure III.7.  The collection of data points corresponding to 
the WGM’s resonance dip bottom recreates the absorption feature of methane at 200 
Torr.  The quality factor of the WGM resonance used was Q = 8×107.  The experimental 
effective absorption pathlength of the WGM resonator can be again calculated and for 
this experiment Leeff = 26.8 cm.  The same experiment was realized at a much lower 




















Figure III.7. The  bottom of a WGM resonance dip (blue dots)  as it is scanned over an 
absorption feature of methane at 200 Torr. The bottom trace is the 























Figure III.8. The position of the bottom of a WGM (blue squares) as it scans over an 
absorption line of methane at 1 Torr.  The top trace is the methane 
absorption feature recorded at 2 Torr. 
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4.   Results with locked modes 
An experiment analogous to cavity enhanced laser spectroscopy (LS) using 
microresonator whispering-gallery modes (WGMs) is presented in this section.  WGMs 
are excited along the circumference of a cylindrical cavity 125 µm in diameter using an 
adiabatically tapered fiber.  The microresonator is mounted into a PZT fixture that 
enables locking individual WGMs to a TDL.  As the TDL is scanned in frequency over 
a gas absorption the changes in the dip depth of the locked WGM are recorded.   
When a WGM is frequency-locked to the input laser the WGM is always on 
resonance with the laser and, as the laser scans in frequency, the output of the bi-
tapered fiber displays the locus of the bottom of the WGM resonance dip as it follows 
the laser scan.  When an absorption line of the surrounding gas is present within the 
scan there is a change in the WGM dip depth that traces the contour of the gas 
absorption line.  Since the microresonator is on resonance, light interacting with the gas 
executes many round-trips around the circumference, giving rise to a long effective 






























































































Figure III.9. Experimental setup for locking a WGM to the laser.  Light from a 
frequency-scanned cw TDL (red) is launched into a bi-tapered fiber to 
excite WGMs of the microresonator.  The microresonator is held in a 
PZT fixture for tuning purposes (inset )
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Figure III.9 shows the experimental setup.  Laser light is coupled into a single-
mode optical fiber. After passing through a polarization controller it is fed into the gas 
chamber where its adiabatic bi-taper is brought in contact with the microresonator.  As 
it exits the chamber the output of the fiber is collected onto a detector.  The 
microresonator is mounted in the PZT fixture (inset Figure III.9) that allows tuning of 
the WGMs by stretching the resonator.  The signal from the detector is split, part of it 
being fed into a lock-in stabilizer in order to lock individual WGMs to the laser, and 
part of it is noise filtered and amplified by a lock-in amplifier.  The output of the lock-
in amplifier is monitored by an oscilloscope.  A reference cell containing the same gas 
as the chamber is used for calibration purposes. 
A typical experimental result is presented in Figure III.10.  The bottom trace 
represents the absorption line(s) of pure methane at 1650.96 nm obtained using the 
60 cm long reference cell at 160 Torr.  The absorption lines are saturated due to the 






Right above the saturated reference cell trace in Fig. III. 10 is the signal at the 
output detector representing the bottom of a WGM as it scans, along with the laser, 
over the absorption line(s) of methane.  A small curvature upwards can already be 
observed due to the fact that the undercoupled resonance dip becomes shallower as it 
interacts evanescently with the methane.  What appears to be noise is in fact the fast 
Figure III.10. Typical experimental result with locked WGMs.  The bottom (pink) trace 
represents the absorption line(s) of pure methane obtained using a 60 cm 
long reference cell at 160 Torr.  Right above it is the signal at the output 
detector representing the bottom of a WGM as it scans, along with the 
laser, over the absorption line(s) of methane (red).  This component of the 
signal is removed by the lock-in amplifier that also gives a 50X signal 















modulation (512 Hz) applied to the PZT by the lock-in stabilizer.  This component of 
the signal is removed by the lock-in amplifier that also gives a 50X signal amplification 
(top trace). 
The WGM used in this case had a Q of approximately 106 and the dip depth was 
66% of the off-resonance signal level.  An effective absorption pathlength of 
approximately 3 mm is obtained. 
Experimental results like those presented in Figure III.10 were also obtained for 
various gases as trace gases in one atmosphere of air.  The trace gases investigated were 
methyl chloride [68], ethylene [69], and again methane.  These results [70] are 
presented in Figure III.11 and the data are summarized in Table III. 1. 
The experimental effective absorption pathlength was obtained using Eq. (II.37) 
in which, in the case of methane, M0 = 68.4%,  ∆M = 0.7% and using a value of the 
absorption coefficient extracted from the traces obtained with a 16 cm long absorption 
cell (αm = 0.0058 cm-1).  The theoretical effective absorption pathlength is calculated 
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Figure III.11. From top down: The absorption profile of methane, methyl chloride, and 
ethylene obtained using a WGM locked to the laser.  In each graph the 

























CH4 15.0± 3.0 17.7 ± 1.7 7 × 106 1653.722 1% 
 
CH3Cl 7.2 ± 1.5 6.3 ± 1.1 3 × 106 1651.59 1% 
 
C2H4 13.6 ± 2.7 13.2 ± 2.6 5 × 106 1654.23 2% 
For each trace gas in Table III.1 there is a good agreement between the 
theoretical and experimental effective absorption path length.  For the theoretical values 
the main source of error is in approximating the evanescent fraction for the WGM used.   
The measured αm uncertainty and the noise on the traces corresponding to the locked 
WGMs are responsible for the error in determining the experimental effective 
absorption path length.  
No accurate details could be found at these wavelengths for the absorption lines 
of ethylene and methyl chloride.  However, general properties of these lines can be 
found in [68,69].  The HITRAN database [67] describes the absorption lines of methane 
in this wavelength range and they correspond to the C-H asymmetric stretching 
vibrational overtone 2ν3.  There are three lines of approximately equal strength and 
approximately equally spaced at intervals of 600 MHz, pressure broadened by air to 
approximately 4 GHz each. 
Table III.1. Summary of data for Figure III.11.  
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5.   Conclusions 
 This chapter investigated the feasibility of a gas sensor based on a WGM 
resonator.  Using high Q microresonators enables enhanced sensitivity corresponding to 
tens of centimeters effective absorption pathlength.  This is obtained in an extremely 
small detection area having the ability to probe small samples.  This is particularly 
useful in many applications.  A gas chromatography setup can be envisioned in which 
the entire section dedicated to gas detection, usually a multipass absorption cell, can be 
replaced by a small microresonator, much smaller than the separation column.  The 
major limiting factor in the portability of a gas chromatography setup is the massive 
detection section and the use of this novel gas detection can, in principle, be a step 
further towards miniaturization. 
 Locking the WGM resonances to the laser and obtaining a Laser Spectroscopy 
analogue setup is, to our knowledge, the first demonstration of such an experiment.  
The major advantage of our setup is again the miniaturization.  Although the detection 
area is micrometric, relatively large effective absorption pathlengths on the order of 
tens of centimeters were obtained.  An analogy can be made with a typical multipass 
cell in which 50-100 meters of effective absorption pathlength are obtained using 
multipass cells with dimension on the order of tens of centimeters.  However, the price 
of a modest multipass cell greatly exceeds the price of one inch of standard optical fiber 
and a PZT element. 
 The somewhat modest effective absorption pathlength in our LS equivalent 
experiment is mainly due to the low quality factor of the WGM resonances used; they 
are typically not much greater than 106.  WGM resonances with a quality factor as large 
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as 108 are routinely obtained in our cylindrical microresonators but the current 
equipment cannot lock such sharp modes to the laser.  A WGM is locked to the laser 
using a lock-in stabilizer that supplies the PZT element stretching the microresonator 
with a DC bias voltage and an AC dither.  The DC bias voltage brings the WGM in 
resonance to the laser and the AC component dithers the mode about the laser line.  The 
higher the quality factor of the resonator, the smaller the amplitude of the dither signal 
has to be.  For the results presented, the dither amplitude is already at the minimum 
possible dither amplitude provided by the lock-in stabilizer. 
 Other resonator geometries can also be envisioned for enhancing the sensitivity 
and stability of the setup.  Using a fiber fusion splicer, a microspheroid resonator with 
two stems can be obtained.  Mounting it into the same PZT device would enable tuning 
the WGMs in the same fashion as the microcylinder.  However the curved surfaces of 








1.   Setup 
 In addition to gas sensing, WGM microresonators were successfully used for 
chemical sensing of chemicals dissolved in a liquid.  In order to investigate the feasibility 
of chemical detection the investigation was conducted at two different wavelengths, 
800 nm and 1550 nm.  The chemicals to be detected were Indocyanine green and 
SDA2072, each in solution in methanol.  Indocyanine green has an absorption profile 
with the maximum of absorption at around 790 nm [71] while the SDA2072 has its peak 
absorption at 956 nm with significant absorption in the 1550 nm range [72].  Since the 
absorption profile of both dyes is extremely broad, extending over hundreds of 
nanometers, no tunability of the microresonator is necessary.  This results in a more 
simplified experimental setup that eliminates the need for a PZT device.  Moreover, 
spherical microresonators can be used as described in Chapter I.  A typical microsphere 
has a diameter of approximately 500 µm and it is obtained by melting an end of a 
standard optical fiber.  A tapered fiber is brought in contact with the microsphere 
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controllerExperimental setup for liquid sensing.  Light from a cw tunable laser is
injected into the optical fiber.  The tapered part of the fiber and the
microsphere are immersed in the solution to be investigated.  Output of the
fiber is monitored on an oscilloscope as the laser scans in frequency.70
 wavelength a single mode optical fiber was used.  In both cases the taper 
single mode propagation being thus ensured throughout the entire length 
arization controller was also used before the taper to ensure excitation of 
gle polarization, either TE or TM. 
 microsphere and the tapered fiber are then immersed into the liquid to be 
he concentration of the analyte is increased the WGM resonance dips are 
changes in dip depth or quality factor.  Once again, the changes in dip 
be far easier to observe. 
sel containing the solution to be analyzed is made entirely out of glass to 
ignment of the tapered fiber tangential to the circumference of the 
ing a 45X microscope.  Glass is also ideal to prevent the contamination of 
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the methanol solution.  The clamp that holds the tapered fiber is made of Delrin, a 
material that also has no reactivity with the methanol. 
Two three-dimensional translation stages are used to control the precise position 
of the microsphere and of the tapered fiber, while a small laboratory jack is used to raise 
















2.  ICG Results 
 Using the setup described in the previous section, the first trial was done using a 
cw Ti:Sapphire tunable laser operating at a wavelength of about 800 nm.  At this 
wavelength the methanol used as a solvent for the ICG dye makes a negligible 
contribution to the absorption.  In order to test this a 1 m glass cylinder filled with 
methanol was inserted in the laser beam path and the attenuation due to methanol’s 
presence proved to be minimal. 
A typical experimental result is presented in Figure IV.2. 
   
  


























2 nM ICGExperimental results at 800 nm.  Red trace represents a WGM spectrum of
a 500 µm microsphere immersed in methanol.  Adding ICG in order to
create a 1 nM concentration results in a deeper WGM resonance (green
trace).  As the concentration is further increased to 2 nM the WGM
resonance becomes deeper (blue trace). 72
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The two sides of the graph in Figure IV.2 represent a scan over the same 
frequency range, first up and then down in frequency with the scan turning point being in 
the middle.  Also, WGMs are artificially shifted in order to better observe the resonance 
dip depth change. 
The WGMs investigated have a quality factor Q of approximately 106.  Such a 
value for the quality factor is typical for a microsphere immersed in methanol.  This is 
mainly due to the fact that although quite transparent at this wavelength methanol has a 
larger absorption coefficient than air at the same wavelength.  Quality factors exceeding 
109 have been routinely obtained using the same setup in air.  Also, the index of 
refraction of the methanol plays a role in the decreased quality factor.  Since the 
refractive index contrast between the microsphere and the surrounding medium gives the 
value of the evanescent fraction of a certain WGM it is obvious that for a smaller 
refractive index contrast more radiation extends outside the microsphere’s boundary 
resulting in a larger evanescent fraction while immersed.  The index of refraction of 
methanol is 1.33 while the index of refraction for a microsphere is 1.45 at this 
wavelength.    
 Changes in the WGM resonance dip depth are relatively large considering the 
small changes in the solution’s absorption coefficient αm = 0.026 m-1/nM.  This results in 
a large experimental effective absorption pathlength Leeff = 3.08 ± 0.3 m using the deep 
dip on the left of Fig. IV.2.   
A theoretical effective absorption pathlength Lteff = 2.83 ± 0.3 cm is calculated 
assuming an evanescent fraction f = 3% in Eq. (II.35).     
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3.   SDA2072 Results 
 In the previous section nM changes in dye concentration could easily be detected 
using WGMs excited in the 800 nm wavelength range where the solvent absorption is not 
a big factor.  In this chapter a similar experiment is presented at wavelengths in the 
1550 nm range where the solvent absorption is much stronger.  At 1550 nm the laser 
intensity is attenuated more than 103 times after propagating through only 1 cm of 
solvent.  The solvent used in this case is again methanol.  At this wavelength methanol 
has a measured absorption coefficient αs = 8.8 cm-1.  Acetone is slightly more transparent 
than methanol but the technical difficulties in using acetone as a solvent greatly 
overcome the benefits of a modestly improved transparency. 
The dye used in this experiment is SDA2072 (HW Sands Corp.) [72]. It has an 
absorption peak at 956 nm but has still significant absorption at 1550 nm as shown in 
Figure IV.3. 
 
Figure IV.3. SDA2072 dye absorption spectrum [72].  A significant absorption at 1550 
nm can be inferred.  Solvent used is methanol.   
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The experimental setup is the same as in the previous section.  All the positioning 
equipment for aligning the tapered fiber to the equator of the microsphere, along with the 
fiber polarization controller and the solution container are mounted on an optical 
breadboard that allows easy transportation of the entire setup from one laser to the other. 


























Figure IV.4. Typical experimental result for liquid sensing at 1550 nm.  Changes in 
WGM resonance dip depth with changing concentration of SDA2072. 
Undercoupled modes become shallower with increasing concentration 
(blue rectangle) and overcoupled modes become deeper (red rectangle). 









 The absorption coefficient of SDA2072 is extrapolated from measurements at 
higher concentration to be αm = 0.004 m-1/nM at 1550 nm. 
 Figure IV.4 is analogous to Figure III.3.  In both figures within the same WGM 
spectrum both overcoupled and undercoupled modes are observed.  As the round-trip loss 
is increased by increasing the gas pressure and the dye concentration respectively, the 
overcoupled modes become deeper and the undercoupled modes become shallower.  
Unfortunately, in Figure IV.4 the WGMs highlighted overlap with the adjacent modes 
and measurements using these modes would be affected by errors.  Figures IV.5 and IV.6 
display cleaner WGM spectra on which reliable measurements could be performed. 
 
 
Figure IV.5. Experimental result for liquid sensing at 1550 nm (undercoupled case). 
SDA2072 concentration is increased in steps of 1 nM.  For clarity WGM 
are shifted to the right as the concentration increases.  For each waveform 
the leftmost WGM is obtained in pure methanol.  Each horizontal division 
corresponds to 1 GHz. 
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Figure IV.6. Experimental result for liquid sensing at 1550 nm (overcoupled case). 
SDA2072 concentration is increased in steps of 1 nM.  For clarity WGM 
are shifted to the right as the concentration increases.  For each waveform 
the leftmost WGM is obtained in pure methanol.  Each horizontal division 
corresponds to 1 GHz.  Microsphere diameter is 600 µm. 77
 
erimental effective absorption pathlength (determined for the fifth dip 
 Figure IV.6) is Leeff = 8.4 ± 0.8 m.  The theoretical effective absorption 
termined from Eq. (II.34) to be Lteff = 3.1 ± 0.3 cm. 
ain, just as in the ICG case, at 800 nm, the theoretical effective absorption 
wo orders of magnitude smaller than the experimental one.  Although the 
 unknown a few speculations can be made.  At high concentrations both 
e glass container suggesting that the dye molecules tend to adhere to the 
rface resulting in a stronger measured absorption and consequently a 
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longer experimental effective absorption path length.  Also, the theoretical effective 
absorption path length is calculated using a 3% evanescent fraction. 
 The ability to measure the weak absorption of the dye (αm ~ 4ä10-5 cm-1) in a 
strongly absorbing solvent (αs ~ 8.8 cm-1) with effective absorption pathlengths on the 
order of meters is the main figure of merit of this sensing technique.  This level of 
sensitivity cannot be achieved with a traditional method based on an absorption cell due 






4.   Evanescent fraction measurement 
So far, various schemes for chemical sensing using microresonator WGMs have 
been proposed.  Ultimately all of them rely on the fact that the radiation in a dielectric 
WGM resonator extends outside the geometrical boundary of the resonator thus being 
able to interact with the medium surrounding the microresonator.  The evanescent 
fraction or the ratio f of the WGM’s evanescent mode volume to the total mode volume 
of the respective WGM could only be calculated but not easily measured. 
A method for measuring the evanescent fraction of a whispering-gallery mode 
(WGM) obtained in a microsphere is presented in this section.  The microsphere is 
immersed in methanol and the loaded quality factor of a critically coupled WGM Q0 is 
measured.  A 4.43 µM concentration of absorbing dye (SDA 2072, H. W. Sands Corp.) is 
then created with a measured absorption coefficient of αm = 0.16 cm-1.  Once again the 
loaded quality factor Q for the same critically coupled WGM is measured. The change in 
loaded quality factor of the critically coupled WGM is directly related to the evanescent 
fraction, the amount of radiation extending outside the microresonator geometrical 
boundary.  A method for direct measurement of the evanescent fraction is crucial for 
designing microsphere WGM-based chemical sensors. 
Microsphere WGMs are excited using an adiabatically tapered fiber placed 
tangentially in contact.  Laser light from the TDL is injected into the tapered fiber at one 
end and at the other end the throughput is monitored on an oscilloscope as the TDL is 
scanned in frequency.  As usual, the throughput will display sharp Lorentzian dips 
corresponding to the WGM resonances of the microsphere.  The whole microsphere-
tapered fiber system is immersed in pure methanol and the position of the microsphere 
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along the gradually tapered fiber is carefully chosen in order to obtain a critically coupled 




Practically, a change in the microsphere’s position along the taper results in a 
change in the coupling loss of the microresonator and whenever the coupling loss equals 
the intrinsic loss the WGM resonance dip reaches maximum amplitude extending all the 
way down to zero throughput.  The FWHM of the WGM is recorded; it is a measure of 
the total quality factor Q0 of the microsphere.  Next, absorbing dye is added (SDA2072); 
this will result in an increase of intrinsic loss due to optical attenuation in the evanescent 
part of the WGM.  Since coupling loss remains constant the WGM departs from the 
critical regime becoming shallower.  Once again the microsphere is translated along the 
Figure IV.7. Experimental setup for evanescent fraction measurement.  The 
microsphere is translated along the tapered fiber in order to obtain a 
critically coupled WGM. 
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taper in order to increase the coupling loss to a value equal to that of the new intrinsic 
loss; critical coupling is again obtained. These steps are presented in Figure IV.8. 
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Figure IV.8. Experimental procedure for measuring the WGM evanescent fraction. 
a) Critically coupled modes are obtained in pure methanol. 
 b) SDA2072 dye is added 
 c) Critically coupled modes are again obtained after sliding the 
















































The FWHM is measured again so the total quality factor Q can be obtained in the 
presence of the absorber within the evanescent fraction of the WGM. 
 
The ratio o
to the inverse ratio 
 
 
Knowing that the to










1.08E-02 1.10E-02 1.12E-02 1.14E-02 1.16E-02 1.18E-02 1.20E-02 1.22E-02 1.24E-02 1.26E-02 1.28E-02
METHANOL











Experimental result for measuring the evanescent fraction.  The FWHM 
for the WGM before and after adding SDA2072 dye is measured.  The 
blue trace has a FWHM of 363.80 MHz while the red trace has a FWHM
of 390.95 MHz.83
f the two quality factors, before and after adding the dye, corresponds 
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In this experiment αm = 0.16 cm-1 for 4.43 µM dye concentration.  The resulting 
evanescent fraction f is then obtained to be 2.56%.  The uncertainty in measuring the 
evanescent fraction is greatly affected by the ability to obtain a critically coupled WGM 
both before and after the dye is added.  In this experiment the dip depth measurement 
accuracy is on the order of 1% resulting in an evanescent fraction uncertainty of 
approximately 15%.   
The dependence of the evanescent fraction on the radial order mode number is 
well understood and analytical calculation reveals that for a radial order mode number 
equal to 8 the value of the evanescent fraction is 2.4% in good agreement to our 
measurement.  The experiment was performed using a microsphere with 650 µm diameter 
at 1610 nm wavelength.  Although not impossible, a radial mode order of 8 is quite 
improbable and another possible source of error is the fact that the dye used might be 
“sticking” to the resonator’s surface resulting in a larger absorption coefficient and a 
wider FWHM.  In turn, this could mimic a larger estimated evanescent fraction.  
Typically, the “sticking” on the resonator’s surface is eliminated by controlling the pH of 
the solution.  Since the presence of an acid or a base in the SDA2072 solution 
disintegrates the dye’s molecules, it is impossible to use this approach.   
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5.   Conclusions 
 The experimental demonstration of an extremely sensitive chemical detection 
mechanism for analytes in liquid solution was demonstrated in this chapter.  Nano-molar 
changes in analyte concentration could easily be detected at two different wavelengths.  
At 800 nm the nm changes in concentration of ICG were monitored.  ICG is used in 
medicine in marking cancerous tumors followed by laser ablation.  However, the 
presence of ICG in the organism should be carefully monitored given its toxicity.  Using 
a setup similar to the one presented in this chapter extremely small fluid samples are 
needed, a much desired situation in the medical discipline. The volume of the sample 
should be just enough to fill the entire evanescent part of a WGM resonance. 
 Another desired aspect in detecting trace amounts of chemicals in solution is the 
ability to eliminate lengthy sample preparation times by performing the analysis even in 
an absorbing solvent.  This chapter also demonstrates detection in an absorbing solvent, 
once again with extremely high sensitivity. 
 Also, a method for measuring the evanescent fraction of a WGM that reveals 
critical information useful in designing a WGM chemical sensor was developed in this 
chapter.  Knowledge of the evanescent fraction value is important both for estimating the 
sensitivity of such a sensor, and for packaging design in an eventual commercial 
application, as the evanescent fraction gives the lower bound on the sample size and 
shape.  To our knowledge, this is the first accurate measurement of a WGM evanescent 
fraction. 
Other applications envisioned for our sensor are in the pharmaceutical area where 
monitoring the drug dosage is a critical aspect.  Given the miniaturized size of our 
 86
detection scheme, accurate monitoring of chemical concentration can be performed inside 




RESONANCE SHIFT EXPERIMENTS 
1.   Introduction 
A high-sensitivity whispering-gallery-mode (WGM) assisted detection of 
optically non-absorbing chemicals is presented in this chapter.  Laser light is injected into 
WGMs of fused-silica microspheres (~500 µm in diameter) using a tapered optical fiber.  
The high quality factor (Q) of such a microcavity makes the fiber throughput spectrum 
show a sharp dip on resonance.  The position (in frequency) of each resonance is highly 
sensitive to small variations of the refractive index of the microsphere or the surrounding 
medium.  The dependence of the resonance frequency on the surrounding medium is due 
to the fact that each WGM has an evanescent portion that extends outside the geometrical 
boundary of the dielectric microsphere. 
In our experiment, a nanolayer of Nafion (a fluorinated polymer with separate 
hydrophilic and hydrophobic domains) is applied on the surface of a microsphere.  The 
Nafion coating is transparent and thin enough (~30 nm) not to affect the Q of the 
microresonator; it is also thick enough relative to the evanescent extent of a WGM to 
have a noticeable effect on the resonance frequencies as its index of refraction varies in 
the presence of the Ru(bipy)32+ cation (Tris(2,2’-bipyridine) ruthenium(II) chloride 
hexahydrate).  The transparency of the Nafion layer at the operating wavelength is crucial 
in maintaining the relatively high Q of our microresonators, which in turn guarantees a 
narrow resonance and thus high sensitivity to a shift in frequency. 
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2. Theory 
The frequency shift due to a change in the effective index of refraction of a WGM 





νν∆ = − ∆ . (IV.5) 
However, for the case of a Nafion nanolayer, only a fraction f’ of a WGM is contained 























where tlayer is the Nafion layer thickness, f is the WGM evanescent fraction, and n0 is the 
refractive index of the surrounding medium.  The quantity in the denominator of (IV.7) is 
the evanescent intensity decay length.  Relation (IV.7) is an approximation valid for a 
layer thickness 2 20/ 4layer efft s n nλ π= − .  In general, f’ is expressed as 
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3.  Experimental setup 
The coated microsphere and the tapered fiber are immersed in de-ionized water as 
shown in Figure V.1.  Light from a tunable diode laser (TDL) operating at 1550 nm is 
injected at one end of the fiber and the signal at the other end is monitored on an 
oscilloscope.  Whenever a WGM resonance condition is met, a sharp Lorentzian dip is 
observed.  The position (in frequency) of a WGM is recorded; then ruthenium complex is 
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TDLExperimental setup for a WGM frequency shift measurement.  Coated
microsphere and tapered fiber are immersed in de-ionized water.  Changes
in a WGM resonance position are recorded as ruthenium complex is
added. 89
 
al experimental result is presented in Figure V.2.  The slow absorption of 
complex is accompanied by an increase in the refractive index of the 
.  Since the coating is within the evanescent fraction of a WGM, this will 
ency shift of the resonances toward lower values.  WGM frequency shifts 
 GHz can be observed for a relatively low concentration of analyte.  




























A faster frequency shift is observed for the first ten minutes and is believed to be 
a result of inhomogeneity in the solution.  As the solution becomes more homogeneous, 
the speed at which the WGM resonance frequency shifts decreases, then maintains a 
linear time dependence.  After 30 minutes the shift of the WGM resonances appears to 
stop as the Nafion nanolayer becomes saturated with the absorbed ruthenium complex. 
Figure V.2. WGM frequency shift of a Nafion coated microsphere while exposed to 
ruthenium complex. 
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4.  Conclusions 
The frequency shift obtained is in good agreement with a theoretically estimated 
shift of 23 GHz.  The estimated shift is based on a Nafion nanolayer thickness of 30 nm 
and a change in its index of refraction of 0.08.  No measurement was made either on the 
nanolayer thickness or on the actual refractive index variation and it is possible that the 
thickness is less than 30 nm and the ∆n is less than 0.08. 
In conclusion, a method for chemical detection by monitoring small changes in 
refractive index is presented.  The enhanced sensitivity of our method relies on the use of 
WGM resonances that allow a greater interaction pathlength within a small volume.  The 
development of this class of sensors consisting of a WGM microresonator and an 
analyte-nanolayer pair for label-free detection is still under way, and these results 
demonstrate the feasibility of such a project. 




GENERAL CONCLUSIONS AND PERSPECTIVES 
 A novel sensing technique for detecting either chemicals in liquid solution or 
trace gases in the atmosphere is presented in this work.  The technique involves the use of 
the response of WGM resonators to the presence of an analyte within the small 
evanescent field of a WGM resonance.  This technique has three main characteristics 
required in the development of new sensors: miniaturized, highly sensitive, and 
inexpensive, making it the ideal next generation detection tool.  Its potential applications 
include pharmaceuticals, medicine, forensics, safety, agriculture, and any other 
application that requires high sensitivity correlated with small required sample size. 
 The first experimental demonstration of a LS analog experiment using WGM 
resonators is also presented.  Experimental detection of trace gases in the atmosphere was 
performed using this novel technique with results comparable to the standard LS 
technique.  However, our technique permits an extreme miniaturization, the size of our 
active area of detection being at least four orders of magnitude smaller than that of a 
current standard setup.  The resulting tradeoff in sensitivity is minimal and it can be 
eliminated in principle with small improvements in the experimental design. 
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 A new technique for measuring the evanescent fraction of a WGM resonance is 
presented as well.  Previous attempts in probing the evanescent fraction involved rather 
elaborate equipment for nano-positioning and near-field measurement.  Our method relies 
on the precise measurement of the resonance losses incurred due to the presence of a 
known absorbing analyte in the evanescent region of a WGM.  The measurement of the 
added losses is done by balancing them with corresponding coupling losses. Such a 
measurement can be performed in a precise manner by monitoring a WGM in the critical 
coupling regime and the evanescent fraction can be determined by comparing the quality 
factors before and after the extra loss is added. 
 In the past few years a considerable effort has been dedicated to obtaining various 
geometries of WGM resonators on a chip.  Resonances were obtained but determination 
of the coupling regime for each resonator required invasive probing of every individual 
resonator with a loss inducing object.  An elegant, noninvasive method for determining 
the coupling regime was developed in this work.  It relies on a qualitative investigation of 
the resonator’s response to a square-wave modulated input.  Experimental results are in 
perfect agreement with the theoretical model and the coupling regime is revealed 
instantly given the specific response of an overcoupled or undercoupled resonator.  
Moreover, using modest computational resources the experimental data can be fitted with 
the theoretical model, one of the fit parameters being the loss ratio x = T/αl.  Other 
significant microresonator parameters can be also determined from the response to the 
square-wave modulation. 
 When immersed in a liquid solution, a WGM resonator acts like an extremely 
sensitive detector for changes in the concentration of an absorbing chemical.  Nanomolar 
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changes in dye concentration were easily detected.  Such a small concentration 
corresponds to less than one thousand molecules within the active volume of detection.  
As a consequence, individual molecules could be detected with small improvements in 
the experimental setup.   
The detection of changes in concentration of an analyte dissolved in an absorbing 
solvent was also demonstrated experimentally.  The same high sensitivity results in 
effective absorption pathlengths on the order of meters being obtained.  The comparison 
with a typical experimental setup involving an absorption cell is not appropriate anymore 
since meters of pathlength are impossible for an absorbing solvent.  However, if the 
analogy is maintained, the absolute sensitivity of our experiment is tens of orders of 
magnitude better than a standard experiment with an absorption cell as long as our 
effective absorption pathlength.   
Currently, the entire setup for liquid sensing is mounted on a book size optical 
breadboard with the majority of the space being occupied by positioning equipment for 
the tapered fiber and the microsphere.  In an attempt to reduce the size of the setup, 
optical glue was used to attach the microsphere to the tapered fiber.  While successful in 
immobilizing the microsphere to the fiber the resonator displayed a drastic loss in its 
quality factor as it ended up being covered in glue, negating also its use as an 
evanescent-wave sensor.  However, it is possible to spot-weld the microresonator to the 
fiber by a short exposure to a focused CO2 laser.  Similar attempts using a 
hydrogen-oxygen torch proved encouraging.  A successful attachment of a 
microresonator to the tapered fiber would result in a drastic size reduction of the 
experimental setup. 
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Recently, a large enhancement of the evanescent field of a WGM resonance was 
experimentally demonstrated in our laboratory [73,74].  The enhancement is mediated by 
the excitation of surface plasmon resonances of gold nanorods grown on the surface of 
spherical WGM microresonator.  An increase in the evanescent field of a WGM 
resonance would result in a proportional increase in the sensitivity of our sensor. 
The sensitivity of a WGM sensor can be also increased by using controlled 
multimode injection from the tapered fiber into the microsphere.  In principle, sensitivity 
enhancements as large as two orders of magnitude should be possible and previous 
experimental results obtained in our laboratory [75] are in good agreement with such a 
prediction.  By controlling the shape of the tapered fiber used for WGM coupling, 
multimode transmission through the tapered region was obtained.  For simplicity it is 
desirable to excite only the fundamental (HE11) and the first excited mode of the tapered 
fiber (HE12).  Preliminary results in this direction were obtained that seem to indicate 
two-mode transmission in a tapered fiber.  Accurate analytical modeling of the tapered 
fiber modes and inter-modal coupling is currently being performed. 
Other possible directions that can be pursued in order to increase the sensitivity of 
our microresonator include the use of CRIT and CRIA (Coupled Resonator Induced 
Transparency and Coupled Resonator Induced Absorption) given their strong dependence 
on the coupling regime and line-narrowing respectively.  Also, a laser intracavity 
detection mechanism can be envisioned using the WGM microlaser developed in our 
laboratory.  Besides the enhancement due to the laser intracavity detection method, an 
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